The selection of highway pavement design and construction strategies are traditionally based on the life-cycle cost analysis (LCCA) of different alternatives. However, with the growing concerns on sustainable development, the environmental aspects of these alternatives start to attract more attention, and even become the essential component of decision making criteria. The objective of this study is to assess long-life pavement design strategies based on the principles of sustainability, in particular costs and greenhouse gas (GHG) emissions. The evaluation process consists of three steps: 1) design simulation, 2) life cycle cost analysis (LCCA) and 3) life cycle assessment (LCA) which focuses on the environmental impacts of different alternatives. A multibillion dollar major road construction project currently being implemented in Hong Kong is chosen as a case study to illustrate the analysis procedure. The results show that the integration of design simulations and LCCA and LCA models is effective to predict the economic and environmental performance of road construction projects. The analysis enables decision makers to understand the sustainable implications of different pavement design strategies as well as to identify a solution that optimizes the needs for cost saving and environmental conservation.
INTRODUCTION
The selection of highway pavement design strategies are often based on life-cycle cost analysis (LCCA) of different design alternatives (Gransberg and Molenaar, 2004) . This usually involves determination of an analysis period, estimate of the amount and timing of costs, and comparison of the net present values of different alternatives using an assumed interest rate. However, with the growing concerns on sustainable development, the environmental aspects of these alternatives start to attract more attention, and sometimes even become the essential component of decision making criteria. A popular tool used for pavement analysis is the mechanistic-empirical pavement design guide (MEPDG) (MEPDG, 2008) . While MEPDG has been widely adopted as a design tool, it lacks the ability to take into account the environmental and economic impacts of pavement design alternatives. Therefore, it is necessary to input the results from MEPDG into environmental and economic assessment tools to integrate the engineering, economical, and environmental dimensions of pavement design.
A reliable assessment of the economic and environmental impacts of different highway construction alternatives requires three integrated components: 1) valid pavement performance prediction model, 2) accurate estimates of costs occurred in the analysis period, and 3) realistic appraisal of the environmental implications of different alternatives.
The objective of the study as presented in this paper is to develop an integrated model to optimize the flexible pavement design strategies based on the principle of sustainability. MEPDG was locally calibrated and used to predict the performance of different design scenarios, LCCA was used to compare the cost effectiveness of these scenarios, and Life cycle assessment (LCA) was used to assess their environmental burdens. A large-scale road construction project in Hong Kong (HK) was used to calibrate MEPDG predication as well as to evaluate the sustainability implications of different construction alternatives.
The research outcome will enable decision makers to understand the multi-dimensional effects of different pavement design strategies as well as to identify a solution that optimizes the needs for cost saving and environmental conservation.
BACKGROUND AND METHODOLOGY
This paper is based on a study sponsored by the Highways Department in HK to comprehensively review its flexible pavement design strategies in the future. HK has more than 2000 kilometers of paved highways and streets, the majority of which are built with flexible (asphalt) pavements. A typical flexible pavement structure, as shown in Fig. 1 , consists of subgrade, a granular subbase, and a thick asphalt mat which is further divided into wearing course, base course, and roadbase. As several major expressways in HK are approaching their end of design lives, the highway agency is highly interested in reviewing its pavement design and construction practices in the past and developing a new strategy to cope with the trend of development and social concerns in the future. 
Integrated design optimization model
Many highway agencies in the world start to emphasize sustainability in performing life cycle assessment of highway infrastructures. It is generally anticipated that a durable, long-life pavement would reduce overall energy consumption and costs due to lower maintenance and rehabilitation requirements. However, it has not been proven that an economic design option will automatically ensure lower environmental burdens. This research presents an integrated design optimization model that could assist pavement engineers in optimizing pavement design strategy from the perspective of sustainability. The model is intended to evaluate design alternatives based on pavement performance, economy, and environmental impacts. The integrated design optimization model is illustrated in Fig. 2 , which consists of design simulation sub-model, LCCA sub-model, and LCA sub-model. The details of each sub-model are explained in the following sections.
design simulation sub-model
Pavement design is currently transitioning from a semi-empirical to a mechanistic-empirical design approach. Historically, pavements have been designed based on empirical models that are limited for single climatic and subgrade conditions (Cooper et al., 2012) . The MEPDG was developed for the analysis of pavement construction and rehabilitation alternatives in response to the above limitations. In this study, the performance of pavement design alternatives was evaluated by using MEPDG software version 1.1. There are three major modules in MEPDG analysis, including traffic, climate, and structure, which are briefly described as follows.
Traffic data input
The basic required MEPDG input data is annual average daily traffic, percentage of trucks in the design direction and on the design lane, operational speed, and traffic growth rate, monthly and hourly truck distribution, truck class distribution, axle load distributions. In this study, all the traffic data were based on real traffic data acquired from weight-in-motion (WIM) stations in HK.
Figure 2. Proposed integrated design optimization model

Climate data input
Properties of pavement materials and their behaviors under traffic loads are heavily dependent on weather conditions. The climate data in MEPDG only cover the area in U.S and Canada, therefore, a new climate file including ambient air temperature, wind speed, percent cloud cover, precipitation amount, and relative humidity over the past 30 years in HK was incorporated into MEPDG software. It is expected that the future weather pattern will be similar to that in the past.
Structure data input
The characteristics of three bound layers are based on the asphalt mix design guidance approved by HK Highways Department. For granular sub-base layer, the minimum thickness is 225 mm and the required California Bearing Ratio (CBR) value is 30%. Completely decomposed granite (CDG) soil is a typical residual soil foundation in HK, which is classified as A-4 according to the AASHTO soil classification system.
Distress criterion and reliability level
The MEPDG software can predict the performance of trial designs in terms of major distress types and smoothness at a specified reliability. Design criteria and reliability levels significantly affect pavement construction costs and performance. In this study, all the design criteria and reliability are based on the MEPDF Interim Guide (2008).
Life cycle cost analysis sub-model
LCCA can be regarded as a form of economic analysis to evaluate the long term economic efficiency between alternative investment options. The predominant application of LCCA is for comparing and judging the efficiency of different design alternatives at project level. LCCA model can be used to calculate agency and social costs. Agency costs include all costs incurred directly by the highway agencies over the lifetime of pavement systems. Typically, it means construction and maintenance costs including material costs, equipment rental and operating costs, and labor costs. The actual agency costs can be obtained directly from highway construction contracts. Social costs can be expressed as road user costs. User costs are an aggregation of user delay costs, vehicle operating costs (including fuel costs), and risk of traffic accidents, which are more likely to be considered in more densely populated urban areas such as HK.
Life cycle assessment sub-model
The life cycle assessment (LCA) methodology provides standard and comprehensive procedure to quantify the environmental loads of a road pavement for all the stages in its life cycle, including material acquisition and processing, construction, maintenance, rehabilitation, and ultimate demolition. Therefore, LCA can quantify environment-related items associated with road pavements, such as energy consumption, pollutant emissions, and their ecological and human health impacts. The description of LCA methodology is based on the international standards of ISO 14040 series. There are four distinct analytical steps, including defining the goal and scope, life cycle inventory (LCI), life cycle impact assessment (LCIA), and interpretation (Ortiz et al., 2009) .
Based on the theoretical principle of LCA, pioneering tools have been developed for assessing environmental burdens associated with pavement construction, such as ROAD-RES(Birgisdóttir et al., 2006), PaLATE (Nathman et al., 2009) , spreadsheet-based LCA tool (Huang et al., 2009) , artificial neural network estimating tool (Kim et al., 2012) . However, the current body of knowledge suffers methodological deficiencies and incompatibilities that prevent the widespread utilization of LCA by pavement engineers and government policy makers. Although the principles, framework, guidelines for conducting an LCA have already been specified by the International Standards Organization (ISO 2006) , there is no consensus on a single framework for conducting pavement LCA in terms of different system boundaries and functional units.
To fill the above research gap, the LCA sub-model in this study was developed on the basis of the general model proposed by Santero (2009) and Zhang et al. (Zhang et al., 2010) . Based on the defined environmental system boundary, a suitable dataset has been sought from the relative literature and several external modules are shown Fig.2 .
CASE STUDY
Background
A major road construction project, Tuen Mun Road reconstruction, is used as a case study. Tuen Mun Road is a dual three-lane expressway of 19.3 km connecting Tuen Mun to Tsuen Wan. It was designed and built in the 1970s and was believed to have reached the end of its service life. This case is a typical highway project with complete design documents and updated material information, which provides relative accurate data.
This study intends to evaluate the economic and environmental impacts of different design alternatives.
Pavement design alternatives
Pavement design alternatives were developed by using a trail design matrix of various design parameters that are used as inputs to MEPDG, as shown in Table  1 .
The information in the input matrix includes the combination of layer thickness, number of layers, and mix design types. It is expected that an optimal design solution can be found from the different alternatives. 
Design simulation
The functional unit in this study is defined as one kilometer long, two lanes (3.6 m width each) in one direction with outer shoulder (2.7 m width) and inner shoulder (1.2 m). The analysis period of design simulation was chosen to be 40 years. Using WIM data of a similar road in HK, the average daily truck traffic (AADTT) was chosen to be 8329, and the traffic class and axle load distribution were based on the average values obtained from the WIM station. Pavements are considered to be failed when the predicted distresses are greater than or equal to the target distress values. The design simulations used by MEPDG provide the predicted performance indicators including surface-down cracking, fatigue bottom-up cracking, AC rutting, total rutting, and the international roughness index (IRI) over the predefined 40 years. In this study, 25% of bottom-up fatigue cracking was validated to be the reconstruction threshold, and IRI was used to determine the timing for resurfacing.
Based on the input matrix and performance criteria described previously, MEPDG trail simulations were conducted to assess the performance of different design alternatives in 40 years. The timing for resurfacing and reconstruction of different alternatives are shown in Table 2 . 
Evaluation of design alternatives
Economic evaluation of long life pavement design alternatives LCCA is performed to identify the design option (s) that may be the most cost-effective to construct and maintain. The detailed descriptions about the calculation procedure are not explained due to the limited space. Figure 3 illustrates the LCCA results among six alternatives, their rankings are alternative 5, alterative 3, alternative 4, alternative 6, alternative 2, and alternative 1. User delay cost is the significant part of the total life cycle cost accounting for more than 50% for all the alternatives. Alternative 5 is the most cost-effective design option with the total life-cycle cost of 47.49 million HK$. 
Environmental evaluation of long life pavement design alternatives
LCA was conducted to identify design options with the lowest environmental burden. The global warming impact is characterized by Greenhouse gas (GHG) emissions in metric tons of CO2 equivalent. GHG emissions inventoried in this study include CO2, CH4, and N2O. The outputs shown in Figure 4 suggest that the alternative 5 is also the best design with the lowest GHG emission (3,591.54 
CONCLUSION
The objective of this study is to select and optimize pavement design alternatives based on the predicted performance from MEPDG and to evaluate the cost-effectiveness and environmental benefits of these alternatives. The following conclusions are drawn based on the research results.
By increasing the thickness of bound layers, pavement performance can be significantly improved. In particular, as the thickness of the roadbase is greater than 150mm, the pavement can last for 40 years without reconstruction.
The initial cost savings associated with using thin roadbase are offset by the increased frequency of reconstruction and resurfacing treatments. A relatively thick roadbase can reduce life-cycle costs. However, as the roadbase thickness reaches to a certain level, further increase in thickness does not generate additional benefits.
Application of the right strategy at the right time can lead to substantial cost saving and environmental-friendly. For the longer-life pavements group, different M&R strategies have been treated at various time points. As can be seen from the analysis results in both economic evaluation and environmental evaluation, alternative 5 with one resurfacing in 296th month is superior to that with more frequently resurfacing (such as alternative 3) and that with later or earlier resurfacing treatment (like alternative 4 and 6).
The research outcome will enable the decision makers to understand the sustainable implications of different pavement design strategies as well as to identify a solution to save costs and improve environmental stewardship. Further research is needed to relate pavement performance with other environmental and social considerations. 9,095,325 4,506,868 3,670,923 3,591,536 3,378,595 3,442,641 
